The surface M protein of group A streptococci (GAS) is one of the major virulence factors for this pathogen. Antibodies to the M protein can facilitate opsonophagocytosis by phagocytic cells present in human blood. We investigated whether pooled normal immunoglobulin G (IVIG) contains antibodies that can opsonize and enhance the phagocytosis of type M1 strains of GAS and whether the levels of these antibodies vary for different IVIG preparations. We focused on the presence of anti-M1 antibodies because the M1T1 serotype accounts for the majority of recent invasive GAS clinical isolates in our surveillance studies. The level of anti-M1 antibodies in three commercial IVIG preparations was determined by enzyme-linked immunosorbent assay (ELISA), and the opsonic activity of these antibodies was determined by neutrophil-mediated opsonophagocytosis of a representative M1T1 isolate. High levels of opsonic anti-M1 antibodies were found in all IVIG preparations tested, and there was a good correlation between ELISA titers and opsonophagocytic activity. However, there was no significant difference in the levels of opsonic anti-M1 antibodies among the various IVIG preparations or lots tested. Adsorption of IVIG with M1T1 bacteria removed the anti-M1 opsonic activity, while the level of anti-M3 opsonophagocytosis was unchanged. Plasma was obtained from seven patients with streptococcal toxic shock syndrome who received IVIG therapy, and the level of anti-M1 antibodies was assessed before and after IVIG administration. A significant increase in the level of type M1-specific antibodies was found in the plasma of all patients who received IVIG therapy (P < 0.006). The results reveal another potential mechanism by which IVIG can ameliorate severe invasive group A streptococcal infections.
The surface M protein of group A streptococci (GAS) is one of the major virulence factors for this pathogen. Antibodies to the M protein can facilitate opsonophagocytosis by phagocytic cells present in human blood. We investigated whether pooled normal immunoglobulin G (IVIG) contains antibodies that can opsonize and enhance the phagocytosis of type M1 strains of GAS and whether the levels of these antibodies vary for different IVIG preparations. We focused on the presence of anti-M1 antibodies because the M1T1 serotype accounts for the majority of recent invasive GAS clinical isolates in our surveillance studies. The level of anti-M1 antibodies in three commercial IVIG preparations was determined by enzyme-linked immunosorbent assay (ELISA), and the opsonic activity of these antibodies was determined by neutrophil-mediated opsonophagocytosis of a representative M1T1 isolate. High levels of opsonic anti-M1 antibodies were found in all IVIG preparations tested, and there was a good correlation between ELISA titers and opsonophagocytic activity. However, there was no significant difference in the levels of opsonic anti-M1 antibodies among the various IVIG preparations or lots tested. Adsorption of IVIG with M1T1 bacteria removed the anti-M1 opsonic activity, while the level of anti-M3 opsonophagocytosis was unchanged. Plasma was obtained from seven patients with streptococcal toxic shock syndrome who received IVIG therapy, and the level of anti-M1 antibodies was assessed before and after IVIG administration. A significant increase in the level of type M1-specific antibodies was found in the plasma of all patients who received IVIG therapy (P < 0.006). The results reveal another potential mechanism by which IVIG can ameliorate severe invasive group A streptococcal infections.
A remarkable change in the epidemiology of infections due to group A streptococci (GAS) has been noted since the early 1980s (7, 8, 12, 17, 39) . Several countries, including the United States and Canada, have reported a remarkable increase in the number of invasive infections due to GAS including a high incidence of streptococcal toxic shock syndrome (STSS) and necrotizing fasciitis cases (reviewed in reference 25). The reason for this increased virulence of GAS remains unknown; however, these bacteria are known to produce a number of virulence factors that can potentially contribute to their invasiveness and trigger the systemic inflammatory response that accompanies many of the severe invasive infections (reviewed in reference 22).
Streptococcal superantigens are believed to make important contributions to the pathogenesis of invasive infections (22, 37) . In addition, the surface M protein of the bacteria is considered one of the major virulence factors of these organisms because it protects the bacteria from phagocytic cells (3, 9, 11) . Type-specific protective antibodies directed to the M protein opsonize the bacteria and enhance their elimination by phagocytic cells (2, 24) . Several studies have suggested that low levels of circulating antibodies to the M protein and/or to streptococcal superantigens may render the host susceptible to invasive infections and possibly contribute to the severity of the clinical manifestations (4, 9, 16, 39) .
Despite the use of appropriate antibiotic therapy, early mortality in STSS patients may exceed 50% (7, 25) . These observations suggested a need for adjunctive therapy aimed at ameliorating the potent systemic inflammatory response that often accompanies these infections. Pooled normal intravenous polyspecific immunoglobulins G (IVIG) was reasoned to be an ideal adjunctive drug candidate inasmuch as we and others have shown that it contains high levels of antibodies to streptococcal superantigens (32) (33) (34) 38) . A number of case reports and observational cohort studies have suggested a substantial reduction in mortality when adjunctive IVIG was used in the treatment of STSS patients (1, 20, 30, 38a) .
Previous studies from our laboratory have shown that IVIG contains neutralizing antibodies against a broad variety of streptococcal superantigens and that this neutralizing activity is transferable to the plasma of patients who received this drug (34) . However, we found that different IVIG preparations vary in the levels of these neutralizing antibodies (32) . The aim of the present study is to investigate whether IVIG preparations contain type-specific anti-M-protein antibodies and whether these antibodies can enhance the opsonization of the bacteria. Inasmuch as strains of the M1T1 serotype are the most prevalent among the invasive GAS strains isolated from infected patients through our active surveillance (reviewed in reference 25), our studies have focused on anti-M1 antibodies.
MATERIALS AND METHODS
Three preparations of IVIG, including Gamimune N, prepared from a Canadian blood pool by Cutter Biologicals (Toronto, Canada), Gammagard S/D, prepared from an European blood pool by Baxter S.A. (Lessines, Belgium), and Venoglobulin-S, prepared from an American blood pool by Alpha Therapeutic Co. (Los Angeles, Calif.), were analyzed in the study. The IVIG in all three preparations was isolated from pooled human plasma by the Cohn-Onkley cold-alcohol fractionation method (18) and contained 94 to 99% immunoglobulin G (IgG), with only trace amounts of IgA and IgM, as specified by the manufacturers. M1T1 strains were isolated from patients with invasive infection due to GAS (i.e., the bacteria were recovered from a normally sterile site) recruited between December 1994 and June 1996. These M1T1 isolates appeared to be derived from the same strain inasmuch as they had an identical Spe genotype and DNA-banding pattern after digestion with two enzymes. A representative M1T1 isolate from an Ontario STSS patient was used in this study.
Cases of invasive GAS infection were classified according to the scheme proposed by the Working Group on Streptococcal Infections (44) , and the STSS cases were identified by active surveillance in Ontario, Canada, from 1994 to 1996 (25) . Plasma was collected from seven STSS patients before (pre-IVIG plasma) and immediately after (post-IVIG plasma) IVIG infusion. Patients included in this study were infected with a single M1T1 clone (with the same Spe genotype and identical DNA banding pattern in pulsed-field gel electrophoresis after digestion with two enzymes, SmaI and SfiI) and received Gamimune N in doses ranging from 0.4 to 1.0 g/kg.
The presence of anti-M1-protein antibodies in IVIG preparations or in plasma of patients before and after IVIG administration was determined by an enzyme-linked immunosorbent assay (ELISA) with a peptide copying the N terminus of type M1 protein [SM1(1-26)C], provided by J. B. Dale, as the ELISA antigen. The sequence was deduced from the emm 1.0 allele described by Haanes-Fritz et al. (13) . Microtiter plates were coated with 1 g of the SM1 peptide per ml in coating buffer (0.1 M carbonate buffer [pH 9.6 to 9.8]) at 4°C for 18 h, rinsed with wash buffer (0.05% Tween 20 in phosphate-buffered saline [PBS]), and blocked with 1% bovine serum albumin in PBS for 60 min at 37°C. Fetal bovine serum, diluted 1:100 in PBS, was used as a negative control, and a rabbit anti-M1 antiserum, generated as previously described (23), was diluted 1:1,000 in PBS and used as a positive control. Different dilutions of the various IVIG preparations were added to duplicate coated wells and incubated for 1 to 3 h at room temperature. The plates were rinsed with wash buffer, and goat anti-human or goat-anti rabbit Ig-peroxidase conjugate diluted 1:1,000 was added to the appropriate wells. After 1 to 2 h of incubation, the plates were rinsed with wash buffer and freshly made peroxidase substrate solution (ABST; Kirkegaard-Perry, Gaithersburg, Md.) was added. The reaction was monitored at 415 nm, and the results are expressed as the mean percentage of the positive control Ϯ the standard error (SE).
To detect functional anti-M1 antibodies in IVIG or in patient plasma, a neutrophil-mediated opsonophagocytosis assay was performed by the method of Fischer et al. (10) . Neutrophils were isolated from adult venous blood by dextran sedimentation and Ficoll-Hypaque density centrifugation. Bacteria were grown overnight to log phase in Todd-Hewitt broth containing 20% normal rabbit serum; then 50 l was diluted to 5 ml with Todd-Hewitt broth and allowed to grow at 37°C with occasional monitoring until the optical density of 530 nm reached 0.05 to 0.08. Briefly, 10 l of this bacterial suspension was incubated with 40 l of different dilutions of IVIG or with 1:10 and 1:500 dilutions of the rabbit anti-SM1(1-26)C antibody in 96-well round-bottom microtiter plates for 15 min at 37°C followed by incubation on ice for 15 min. Neutrophils (2 ϫ 10 5 per 40 l of RPMI 1640 medium) were added to all wells followed by 10 l of newborn rabbit complement (Rockland Laboratories, Gilberstville, Pa.) and incubated at 37°C for 1 h with end-over-end rotation. The percentage of neutrophils associated with streptococci (percent phagocytosis) was estimated by microscopic counts of Wright-stained (Sigma Chemical Co., St. Louis, Mo.) smears prepared from the assay mixture. Each assay was performed in triplicate, with 300 to 400 neutrophils counted per slide.
To verify the specificity of the opsonic anti-M1 antibodies, we performed adsorption studies. Bacteria from overnight culture of the M1T1 strain were heat killed at 95°C for 5 min and centrifuged at 800 ϫ g for 5 min. IVIG was adsorbed twice with 1 ml of cell pellet, each time for 1 h at 4°C with constant rotation. After the final incubation, the mixture was centrifuged at 1,500 ϫ g and the supernatant containing the adsorbed IVIG was aspirated. The neutrophil-mediated opsonophagocytosis assay was carried out with unadsorbed and adsorbed IVIG with the M1T1 strain and with an M3T3 strain as a control.
RESULTS
The presence of antibodies to type M1 protein in IVIG preparations was detected by ELISA. All three IVIG preparations contained high levels of anti-M1 antibodies, and there was no significant difference in the levels between the different IVIG preparations tested (Fig. 1) . To investigate whether the anti-M1 antibodies were functional, we tested their ability to enhance the phagocytosis of type M1 strains of S. pyogenes. As shown in Fig. 2 , all three IVIG preparations increased the phagocytosis of the M1 strain three-to fourfold over background levels, with 80 and 60% phagocytosis at 1:10 and 1:500 dilutions, respectively. This level of anti-M1 opsonic antibodies was identical for all three IVIG preparations as well as for the rabbit anti-M1 antibody control (Fig. 2) . In addition, analysis of four different lots of Gamimune IVIG revealed no differ-FIG. 1. Anti-M1 antibodies in IVIG. Three IVIG preparations were diluted 1:100 or 1:500 in PBS and added to duplicate wells coated with 1 g of M1 peptide [SM1(1-26)] per ml. Rabbit antiserum specific for the M1 peptide (diluted 1:100 or 1:500) was used as a positive control, and fetal bovine serum (diluted 1:100) was used as a negative control. Peroxidase-conjugated goat antihuman IgG and goat anti-rabbit IgG were used as a secondary antibodies. After the addition of peroxidase substrate, the reaction was monitored at 415 nm. The data was calculated as the percentage of the positive control (rabbit anti-M1 antibody), and the results are the mean Ϯ SE for three separate experiments. No significant difference among the three IVIG preparations was found when the data was analyzed by analysis of variance (P Ͼ 0.6). The absorbance of the blank and the positive control at 415 nm was 0.105 and 1.30, respectively. ence in the levels of anti-M1 opsonic antibodies (data not shown).
To determine the specificity of the anti-M1 opsonic antibodies, the IVIG was adsorbed with heat-killed M1T1 bacteria and then tested for opsonophagocytic activity against an M1T1 or an M3T3 strain of S. pyogenes. As shown in Fig. 3 , the anti-M1 opsonic activity was drastically reduced from 74 to 13.3% after adsorption with M1T1 bacteria whereas the anti-M3 opsonic activity was unchanged.
To examine whether the anti-M1 opsonic activity of the IVIG preparation was conferred to the IVIG-treated patients, plasma taken from patients before and immediately after infusion with Gamimune IVIG was tested for the ability to enhance the phagocytosis of the M1T1 strain that was responsible for disease in all patients studied. In six of seven patients who received IVIG, the anti-M1 opsonic activity in the plasma increased following a single dose of IVIG (Fig. 4) . There was a significant difference in the level of anti-M1 opsonic activity before and after IVIG infusion, with a mean phagocytosis in pre-and post-IVIG plasma of 27% Ϯ 2% and 36% Ϯ 2%, respectively (P Ͻ 0.006).
DISCUSSION
The clinical efficacy of IVIG has been shown in a variety of diseases associated with either viral or microbial infections (1, 14, 20, 21, 31, 36) . Recent studies have suggested that IVIG may be effective in the treatment of staphylococcal toxic shock syndrome as well as STSS (1, 20, 36, 41) . It is widely believed that the presence of antibodies to the superantigens produced by these bacteria can block the ability of these toxins to activate immune cells and reduce their capacity to elicit potent inflammatory cytokine responses commonly associated with these diseases (28, 30, 35, 40, 42) . Indeed, several studies have documented the presence of antibodies to a wide variety of superantigens in IVIG preparations (32-34, 38, 41) . Specifically, we have reported that these antibodies neutralize the immunological activity of superantigens produced by group A streptococcal isolates and that this effect is conferred to the plasma of patients who received IVIG (32) (33) (34) .
We demonstrated here that IVIG preparations also contain opsonic activity against M1T1 GAS. The M1T1 serotype is the most commonly isolated serotype from patients with invasive infections due to GAS (6, 7, 16, 25, 29) . Like most M proteins, the M1 protein protects the bacteria against phagocytosis (2, 11); however, these organisms are readily phagocytosed in the presence of type-specific antibodies (23) . Several studies have correlated low levels of anti-M1 antibodies with increased risk for invasive infections due to GAS (16, 39) . The presence of M-specific opsonic activity in IVIG may help reduce the bacterial load in patients with invasive infections due to GAS.
Reduction of the bacterial load by enhancement of the opsonophagocytosis of the bacteria may not occur quickly enough to halt the systemic manifestations of STSS, which appear to be mediated by superantigen-induced inflammatory cytokines overproduction. Superantigens can exert their potent immune system stimulatory effects at very low concentrations (within the nanogram range), and their activity plateaus within a wide concentration range (26) . This may explain why, in may cases, there was no correlation between the magnitude of tissue involvement and disease severity (27) . However, in addition to superantigens, other streptococcal virulence factors, particularly streptococcal proteases, contribute importantly to the disease. SpeB, a major streptococcal protease, may contribute directly and indirectly to the systemic manifestation in STSS by activating proinflammatory cytokines, hypotensive agents, and vasodilators (5, 15, 19) . Previous studies have shown that IVIG   FIG. 2 . Type M1 opsonic antibodies in IVIG. Neutrophil-mediated opsonophagocytosis of an M1T1 strain of S. pyogenes was evaluated in the presence and absence of diluted IVIG preparation or rabbit anti-M1 antibodies. Rabbit antiserum specific for M1 protein (diluted 1:10 and 1:500) was used as the positive control, and fetal bovine serum was used as the negative control. The assay was conducted as described in Materials and Methods, and the percentage of neutrophils associated with bacteria (percent phagocytosis) was determined by direct light microscopy. The experiment was conducted in triplicates, and the data are presented as the mean Ϯ SE. No significant difference among the three IVIG preparations was found when the data was analyzed by analysis of variance (P ϭ 0.1 and 0.2) at 1:10 and 1:500 dilutions, respectively. Experiments were also performed with different lots of Gamaimune IVIG. FIG. 3 . Adsorption of anti-M1 osponic activity with M1T1 bacteria. The specificity of the anti-M1 antibodies in IVIG was determined by comparing the opsonic activity of the unadsorbed IVIG and adsorbed IVIG against an M1T1 or M3T3 strain. The M1 opsonic activity was determined in all three IVIG preparations at 1:10 and 1:500 dilutions. Shown here are the results with Gamaimune IVIG at a 1:500 dilution. Identical results were obtained with the Gammagard and the Venoglobulin-S IVIG preparations at both dilutions .   FIG. 4 . M1-specific opsonic activity is increased in the plasma of STSS patients following IVIG administration. Neutrophil-mediated opsonophagocytic activity was determined in plasma from seven patients before and after IVIG administration. The plasma was diluted 1:10 in PBS and used in the assay as described in the legend to Fig. 2 . The experiment was repeated three times, and the mean percent phagocytosis values for the pre-IVIG and post-IVIG samples were compared by the paired Student t test (P Ͻ 0.0062).
contains high levels of antibodies directed against SpeB (33, 34) . Therefore, neutralizing antibodies against streptococcal superantigens and proteases in IVIG may have an immediate effect on halting the systemic manifestations of STSS, while the opsonic antibodies may have a long-term benefit by helping to eliminate bacteria from tissues. Together, these activities of IVIG may help ameliorate disease.
Previous studies by Fischer and colleagues have demonstrated the presence of opsonic antibodies against group B streptococci in IVIG preparations (10, 43) and other neonatal pathogens, including Staphylococcus epidermidis, Haemophilus influenzae type b, and several serotypes of Streptococcus pneumoniae. They found that pathogen-specific opsonic activity varied for different IVIG preparations and was dependent on the donor pool (43). Although we have found similar variations in the level of superantigen-specific neutralizing antibodies among different IVIG preparations and even among different lots of the same preparations, in this study we found no significant difference in the level of M1-specific opsonic antibodies among the three preparations tested or among different lots of the same preparation. Further studies are needed to explore whether this finding will hold for other commercial preparations of IVIG obtained from different parts of the world.
Another notable difference between superantigen-specific and M1-specific opsonic antibodies in IVIG preparations is in the relation between the binding and functional activity of these antibodies. Previously, we found no correlation between the presence of antibodies that can bind a specific superantigen and the ability of these antibodies to neutralize the immunological activity of the superantigen (33) . By contrast, we found in this study a good correlation between the level of anti-M1 antibodies, as detected by ELISA, and the M1-specific opsonic activity in IVIG (R ϭ 0.8, P Ͻ 0.05).
In summary, we have demonstrated that in addition to the superantigen-neutralizing activity of IVIG, high levels of opsonic activity against one of the most prevalent serotypes of GAS, the M1T1 serotype, are present in these pooled preparations. We have also shown that this activity, like the superantigen-neutralizing activity, is conferred to patients receiving IVIG therapy. Together, these activities may contribute to the ability of IVIG, when used as an adjunctive therapy in STSS, to reduce the morbidity and mortality rates in patients (20) .
